Electrons doped in cubic perovskite SrMnOa: isotropic metal versus chainlike 

ordering of Jahn- Teller polarons 
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Single crystals of electron-doped SrMn03 with a cubic perovskite structure have been systemati- 
cally investigated as the most canonical (orbital-degenerate) double-exchange system, whose ground 
states have been still theoretically controversial. With only 1-2% electron doping by Ce substitu- 
tion for Sr, a G-type antiferromagnetic metal with a tiny spin canting in a cubic lattice shows up 
as the ground state, where the Jahn- Teller polarons with heavy mass are likely to form. Further 
electron doping above 4%, however, replaces this isotropic metal with an insulator with tetragonal 
lattice distortion, accompanied by a quasi-one-dimensional 3z 2 — r 2 orbital ordering with the C-type 
antiferromagnetism. The self-organization of such dilute polarons may reflect the critical role of the 
cooperative Jahn- Teller effect that is most effective in the originally cubic system. 

PACS numbers: 71.30.+h,75.25.Dk,71.38.-k 



Charge carriers doped in magnetic insulators have long 
attracted significant interest because of the possible ap- 
plication to spintronics [l[ as well as of their underlying 
fundamental physics 0- There, the exchange coupling 
between conduction electrons and localized spins plays 
a crucial role, as represented by Kondo, RKKY, and 
double-exchange (DE) interactions. Among them, the 
DE idea was first proposed by Zener 0] to explain the 
ferromagnetic (FM) interaction in hole-doped perovskite 
manganites and has been renewed throughout the inten- 
sive studies of colossal magnetoresistance phenomena 0] ■ 
A pioneering work by de Gennes Q suggested that the 
competition between the antiferromagnetic (AFM) su- 
perexchange and the FM DE results in the canted AFM 
ground state when carriers are doped. Some of recent 
studies, however, argued that the phase-separated (FM- 
AFM-cocxisting) state is stabilized rather than the ho- 
mogeneous one @, [?|- It was further pointed out that 
the orbital degeneracy of e g bands favors the anisotropic 
AFM state such as a chainlike C-type structure Q . Thus, 
the ground state of the orbital-degenerate DE model has 
been a longstanding problem to be clarified experimen- 
tally. 

Most of the previous experimental studies on this issue 
have focused on electron-doped CaMn03 [Ml 

with the 

GdFe03-type orthorhombic distortion that results in the 
partial lift of the e g orbital degeneracy. SrMnOs with a 
cubic structure, on the other hand, forms the simplest 
and most ideal DE system. Nevertheless, while SrMnC>3 
in the high-electron-doping regime (~30-50%) has been 
reported ll|-15|, only few studies have been performed 
for this compound in the low-doping regime (below 5%) 
17 1 . One of the main reasons for this is the diffi- 
culty in synthesis of SrMnC^ crystal with a cubic per- 



ovskite structure, since the hexagonal form is obtained 
under the conventional condition of solid-state reaction. 
In this study, we have developed a method of synthesizing 
high-quality single crystals of cubic perovskite SrMnOs 
by combining a floating-zone method with high-pressure 
oxygen annealing. Chemical substitution of Sr 2+ with 
Ce 4+ (La 3+ ) affords two (one) electron- type carriers 
and hence the carrier density for Sri^^Ce^MnOs 
(Sri-yLa.yMnOs) corresponds to x (y) per Mn site. This 
was indeed confirmed by the Hall coefficient measure- 
ments [inset to Fig. EJa)]. By systematic transport, 
magnetic, and x-ray diffraction measurements on these 
crystals, we have experimentally unraveled the genuine 
phase diagram of the orbital-degenerate DE system. As 
we show below, chainlikc orbital ordering (00) is real- 
ized in the ground state for SrMnOs with as small as 
4% electron doping (less than 1/3 for CaMnOs), signify- 
ing the more stable insulating 00 than in the CaMn03 
system. This behavior is totally opposite to the gen- 
eral trend observed in various manganites, where charge 
localization is more favored in a more distorted lattice. 
These indicate a significant role of collective Jahn- Teller 
effects in the originally high-symmetry (cubic) system. 
Below this doping concentration, furthermore, a G-type 
(staggcrcd-type) AFM metal with a considerably renor- 
malized mass manifests itself at the ground state, where 
strong elcctron-phonon coupling has been suggested by 
quantitative analyses based on a polaron model. Thus, 
the itinerancy and self-organization of the dilute Jahn- 
Teller polarons critically compete in the lightly-doped 
regime. 

Single crystals of SrMnOs were synthesized with the 
following two-step procedures. We first synthesized single 
crystals of oxygen-deficient SrMn03_,5 (<5 ~ 0.5) with an 



2 



SrVxaCe^MnOa 



0.01 



: 0.005 



n I I I 


0.02- 




0.01- 




Q._ 




1 \, 


004 












^4/ 



0.5 T 

(a) . 



E 
o 

G 




400 



FIG. 1: (Color online) Temperature (T) profiles of magne- 
tization (M) at 0.5 T (a) and resistivity (p) at T (b) for 
Sri_ a; /2Ce ;E /2Mn03 (0 < x < 0.2) single crystals. The solid 
and dashed lines correspond to warming and cooling runs, re- 
spectively. The closed triangles and arrows in (a) denote the 
Neel temperatures of G-type and of C-type antiferromagnetic 
(AFM) phases, respectively. Inset to (a): M versus magnetic 
field (H) up to 7 T at 2 K for x=0.01-0.04. 



orthorhombic structure by using a floating-zone method 
in an argon atmosphere. Then, a piece of the single 
crystal (</>3x4 mm) sealed in a gold capsule with ox- 
idizing agent (KCIO4) was treated at ~6.5 GPa and 
~600°C for lh, using a conventional cubic anvil-type 
high- pressure apparatus. The obtained fully-oxidized 
SrMn03 remains single-crystalline and has a cubic struc- 
ture [Fig. El^a)]. For Ce- or La-doped compounds, the 
same synthesis process was applicable. Synchrotron pow- 
der x-ray diffraction measurements with wavelength of 
0.8260Awere carried out at the Beam Line 8A at the 
Photon Factory, KEK, Tsukuba. The magnetization (M) 
was measured with a superconducting quantum interfer- 
ence device (Quantum Design). The four-probe resis- 
tivity (p), Hall coefficients (Rh), specific heat (C), and 
Seebeck coefficients (Q) were measured using Physical 
Property Measurement System (Quantum Design). The 
Q measurement above 400 K was performed by AC mod- 
ulating temperature gradient of 1-5 K. 

We show in Figs. [IJa) and (b) the overall temper- 
ature (T) profile of M at 0.5 T and p at T for 



Sri-a;/2Ce x /2Mn03 (0 < x < 0.2) single crystals, respec- 
tively. The undoped SrMn03 is insulating over the whole 
T region and shows a transition from paramagnetic (PM) 
phase to G-type AFM one at T N (G)~231 K [closed trian- 
gles in Fig. [Ha)]. Ce substitution for Sr by only 0.5-1% 
makes the system metallic over the whole T range [see 
also Fig. Ufa)], while Tn(G) remains at ~220 K. In these 
compounds, M steeply increases toward the lowest T, 
which signifies the canting of the AFM spins. In fact, the 
corresponding M-H curves at 2 K [inset to Fig. QJa)] ex- 
hibit the small spontaneous M: at most ^0.12/ib/Mii for 
x=0.02 corresponding to the canting angle ^2.3°. Note 
here that the phase separation between the FM metal 
and AFM insulator can be ruled out, since the FM phase 
would amount to only 4% in volume fraction, judging 
from the spontaneous M value, which is well below the 
percolation threshold for metallic conduction [l8[ ■ 

With increasing x up to 0.04, the metallic ground state 
is replaced by the insulating one. For £—0.06-0.2, a dis- 
tinct metal-insulator transition shows up, accompanied 
by a sudden jump in p and a drop in M as T decreases. 
The crystal structure also changes from cubic to tetrag- 
onal with the elongation of c axis (Fig. [3|), which in- 
dicates the 3z 2 — r 2 -type OO. Below this temperature, 
further anomalies were observed in the M-T curves (ar- 
rows) for x>0.1, which suggests the C-type AFM transi- 
tion [il EH!!- The3z 2 — r electrons should be strongly 
confined within the one-dimensional chain also by the in- 
terchain AFM (C-type) order, and therefore the Coulom- 
bic correlation and/or electron-lattice interaction easily 
cause the self-trapping of the electrons as manifested by 
the highly insulating ground state. The x=0.04 com- 
pound locates close to the metal-insulator phase bound- 
ary and shows reentrant spin and orbital transitions with 
decreasing T: PM^G-type AFM^OO (C-type AFM) 
[See also Fig. H£a)]. We further observed a rapid in- 
crease in M below ^40 K and small spontaneous M 
(~0.01/iB/Mn) at 2 K, which suggests the spin canting 
in the C-typc AFM. 

These results are summarized as an electronic phase di- 
agram for Sr 1 _ K / 2 C'e a ,/2Mn03 (0<x<0.2) as a function 
of x [Fig. [2fb)] . It reveals the critical phase competition 
between G-type AFM metal and C-type AFM OO insu- 
lator. Both Tn(G) and Too [or 7n(C)] systematically 
decrease toward the bicritical point (x c ^0.05), although 
the OO phase extends in the G-AFM phase below ~100 
K. In the G-type AFM metal, the spin canting evolves 
with increasing x up to 0.02, showing the increase in the 
spontaneous M [Fig. Ufa)] and Tca- Further increase in 
x toward the phase boundary to the C-type AFM OO, 
however, strongly reduces the canting. 

We first focus on the C-AFM OO insulating phase, 
which dominates the above phase diagram. As shown in 
Fig. Efa), the powder x-ray diffraction patterns at 25 K 
for x < 0.02 are nicely indexed with the cubic structure 
(Pm3m), while those for x > 0.04 show the peak split- 
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FIG. 2: (Color online) (a) M at 0.5 T at 2 K and tetragonality 
(cp/cip) at 25 K versus x for Srx.^Ce^MnOs (0<ir<0.2), 
where a p and c p are the lattice constants defined in the per- 
ovskite subcell. (b) Electronic phase diagram as a function 
of x, based on the data for warming runs in Figs. [JJ The 
transition temperatures of G-type [Tn(G)], canted G-type 
(T C a) and C-type AFM [T N (C)] are indicated by closed cir- 
cles, squares, and inverted triangles, respectively. The tran- 
sition to orbital-ordered (OO) phase is represented by closed 
triangles (Too)- The data for Sri-yLayMnOa (y=0.02, 0.04) 
are indicated by the corresponding open symbols. 



ting, reflecting the structural change into the tetragonal 
phase. In fact, the profiles for x > 0.1 well correspond 
to the space group 1 4/ mem with the lattice constants 
\/2ap, c~ 2c n fan, c n : lattice constants in the pseudo- 
cubic setting) 0, E3| , while the unit cell for x < 0.06 
can be assigned with a ~ a p , c ~ c p . As shown in Fig. 
|3]Jb), the tetragonality (c p /a p ) rapidly increases just be- 
low Too and then saturates toward the lowest T. Its 
value almost linearly increases with increasing x up to 
x=0.2 [Fig. Ha)]. 

Noteworthy is that only ~4% electrons lead to the 
anisotropic OO ground state in otherwise the isotropic 
(cubic) compound. Compared to CaMnOs, SrMn03 has 
much stronger OO instability against electron doping. 
In Cai-z^Ce^MnOa, the canted G-type AFM metal- 
lic phase prevails for 0.05 < x < 0.15 in spite of the nar- 
rower bandwidth; more than 15% electrons are necessary 
for the OO ground state 



111 Il2| . Such a difference is 



considered to originate from the difference in the degree 
of e g orbital degeneracy as follows: In cubic SrMn03 
with totally degenerate orbitals, the Jahn- Teller effect 
may be dominant over the kinetic energy gain for doped 
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i) Synchrotron x-ray powder diffrac- 
z^Ce^/aMnOa (0 < x < 0.2) at 25 K. 



The indices are based on the cubic setting (Pm3m) and 
monotonously increases with increasing x. (b) Temperature 
profiles of tetragonality (c p /a p ) in warming runs. 



electrons. In CaMnOs, on the other hand, the energy 
splitting of the e g orbitals due to the orthorhombic dis- 
tortion makes the Jahn- Teller instability, in particular 
the collective distortion by the chainlike 3z 2 — r 2 polaron 
order, less effective; as a result the cantcd-AFM metal 
appears to be stabilized up to higher x. The compari- 
son of the two systems thus indicates that the degree of 
orbital degeneracy can play a vital role in the DE sys- 
tem via the Jahn- Teller effect, as also highlighted in the 
metallic phase (vide infra). 

We next scrutinize the G-type AFM metallic phase, 
which shows up only at a low electron concentration of 
1-2%. [T N (G) is hereafter simplified into T N .] Figure^a) 
magnifies the metallic p-T curves for Sr^-^Ce^MnOa 
as well as Sri-^La^MnOs. In both systems, qualitatively 
the same behavior has been observed for the same elec- 
tron density, irrespective of the doping species, i.e., the 
magnitude of disorder effects arising from the A-site solid 
solution pj. For x or y=0.01-0.02, the p-T curve shows 
a distinct change in its slope at Tn . Below Tn , the long- 
range AFM ordering of t 2g spins reduces the scattering 
of conduction electrons and hence the resistivity with de- 
creasing T. For x or ?/=0.04, the similar metallic behav- 
ior was observed around , which is followed by a steep 
increase in p due to the OO transition at lower T. 

Figure 0|b) shows the T profiles of C below 10 K for 
a; = 0.01 and 0.02, plotted as C/T versus T 2 . The data 
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FIG. 4: (Color online) (a) T profiles of p at T for single 
crystals of Sr^^Ce^MnOa (a-=0.01-0.04, solid lines) and 
Sri-yLa^MnOa (y=0.02-0.04, open circles). The closed and 
open triangles indicate Tn(G) and Too, respectively. Inset: 
effective carrier number at 2 K as a function of x (closed 
circle) and y (open circle) deduced from Hall coefficient Rn- 
The dashed line corresponds to the nominal carrier density 
calculated from chemical composition, (b) Specific heat C 
divided by T is plotted against T 2 for £=0.01 and 0.02. (c) 
T profiles of Seebeck coefficient Q. The solid and dashed 
lines in (c) indicate the calculated results using the Boltzmann 
equation jig ]. 



were well fit with a relation C/T = j + f3T 2 (solid lines), 
resulting in the electronic specific heat coefficients 7^ 5.4 
(x=0.01) and -5.7 (ac=0.02) mJ/K 2 /mol. These values 
give heavy effective masses, m* ~ llmo (x—0.01) and 
— 9.6too (x=0.02), provided that the e g bands are dou- 
bly degenerate parabolic ones (m : free electron mass). 
The corresponding Q (Seebeck coefficient )-T curves show 
steep gradient at low T [Fig. Hfc)]. This behavior is well 
reproduced by the Boltzmann transport theory (solid 
lines) , usin g th e above m* values and the constant relax- 
ation time [191 ]. Around 140 K, however, the experimen- 
tal \Q\ values begin to decrease with increasing T, show- 
ing the deviation from the theoretical lines due to the 
thermal fluctuation evolving toward Tn- Well above Tn, 
again, they gradually increase with increasing T, which 
are nicely fit with the reduced m*~3.1mo (a;=0.01) and 
~ 2.6mo (x=0.02), as shown by dashed lines. From the 
band calculation based on the spin-unpolarized local den- 
sity approximation |20J. the e g band mass rrib is esti- 
mated to be ~0.65mo [2l|, which leads to m*/(m(,)~3.0 
(a;=0.01) and 2.6 (x=0.02) for T>T N . Note here that 
(to(,)= [(I/71") J* cos (9/2)d8] ~ 1 mt ) = (n/2)mb means the 
thermal average of the angle (9) between the fluctuating 
t 2g spins in the PM phase. The origin of such significant 
mass renormalization of dilute carriers can be assigned 
to the strong electron-phonon interaction, as suggested 
also in CaMn03 [22] . This coupling, presumably with 
the Jahn- Teller phonons, would be further promoted in 
the present orbital-degenerate cubic SrMn.03 system. 



The enhancement in m* below Tn can be explained by 
the reduction of the one-electron bandwidth W in the G- 
type AFM phase, where only the second (or higher-order) 
nearest-neighbor (NN) hopping is virtually allowed due 
to the large Hund's rule coupling energy. When the 
value of W (T > T N ) is reduced to W (T < T N ) 
[r = W'/W(< 1)], the expression of mass renormaliza- 
tion /(A) changes as follows (A: electron-phonon coupling 
constant): m* / (m b ) = f (X) (T>T N ) -> m*'/m' b = f(X') 
(T <C Tn), where the prime mark denotes the value for 
T < T N , and A' = A/Vr HI, m' b = m b /r. Note here 
that no thermal average is taken at T < Tn. Based 
on /(A) calculated in the Frohlich model [24|], we have 
obtained (A, r)=(0.78, 0.50) for .t=0.01 and (0.69,0.45) 
for x=0.02, to reproduce the experimental m* (and m*') 
values. On the other hand, the r value can be directly 
estimated from r = 2t 2 /{h + 2t 2 ) = (7r/2)[2t 2 /(*i + 2t 2 )], 
where t\ and t 2 are the NN and 2nd-NN hopping param- 
eters, respectively, and 2t 2 comes from twice larger co- 
ordination number for the second-NN sites than for the 
NN. For ti=0.5-0.75 (cV) and i 2 =0.2-0.3 (cV), as em- 
ployed in [25|] , we have r=0.55-0.86; the lower limit case 
roughly coincides with the above result deduced from the 
to* change. 

In spite of the strong electron-phonon coupling (A~ 1), 
the dilute gas of Jahn- Teller polarons in SrMnOa shows 
the metallic conduction, free from the impurity-assisted 
self-trapping process [26j. This indicates the effective 
screening of the ionized impurities, which is indeed sup- 
ported by the high dielectric constant e r observed in 
SrMn0 3 (e r ~ 110 at 1 MHz at 5 K). Recent theories 
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28j have further predicted that the ferroelectric in- 
stability develops in SrMnOs, as in the case of quantum 
paraelectric SrTiOs. Thus, the emergence of the isotropic 
metal originates from the complex interplay among the 
magnetic exchange interaction, electron-phonon coupling 
and high dielectric response. 
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